Tropical fruits are rich sources of phytonutrients, and these compounds hold promise for preventing disease and extending productive, active lifespans. Phytonutrients can be classified as isoprenoids (e.g., carotenoids, limonoids), flavonoids (e.g., anthocyanins, flavanones) and other phenolic compounds, and amino acid-based (e.g., capsaicinoids) compounds. Although phytochemicals are best known as antioxidants, protection may also be provided by phytonutrient-induced upregulation of detoxification enzymes, communication among adjacent cells, apoptosis, and control of angiogenesis. The body of knowledge linking individual phytonutrients to human health is intriguing, but efficacy is uncertain and dietary recommendations for individual phytonutrients are premature. There is, however, a strong scientific base of evidence for recommending increased consumption of phytonutrient-rich whole foods for health promotion and disease prevention.
INTRODUCTION
Plants synthesize compounds that do not appear to be directly related to their growth and development. These compounds, secondary metabolites, ward off microbes, insects and herbivores, attract pollinators and function as sunscreens. Many of the secondary metabolites hold promise for human health, and we call these phytonutrients.
Although it is well accepted that people who eat diets rich in fruits and vegetables have decreased risk for chronic diseases such as cardiovascular disease, cancer, agerelated macular degeneration and cataracts, the evidence that individual phytonutrients prevent human disease is not yet conclusive. This paper identifies common classes of phytonutrients in tropical and subtropical fruits, and selected mechanisms by which they may pre-empt age-related diseases.
MECHANISMS FOR PREEMPTING DISEASE
Phytonutrients are best known as antioxidants, but typically, they have biological activities that function independently of, or in addition to, their antioxidant properties. The mechanisms discussed below are not comprehensive but illustrate the array of possibilities by which phytonutrients may protect human health.
Antioxidant Activity
Oxidative damage is widely believed to contribute to chronic diseases associated with aging. Normal body processes as well as environmental agents produce unstable molecules that can damage cells. Antioxidants defend cell components against these unstable molecules by being preferentially oxidized, by removing catalysts that promote oxidation, or by repairing damage caused by free radicals. The oxygen radical absorbance capacity (ORAC), ferric reducing ability of plasma (FRAP) and Trolox equivalent antioxidant capacity (TEAC) are common assays used to identify and rank antioxidant cells (Kim et al., 2003) . The carotenoids beta-carotene, alpha-carotenoid, lutein, lycopene, and canthaxanthin have been shown to enhance gap junctional communication in cell culture (Zhang et al., 1991) .
Control of Blood Vessel Growth
Angiogenesis, the growth of new blood vessels, provides blood flow from mother to placenta, restores blood flow to tissues following injury, and creates new coronary arteries in response to routine aerobic exercise or coronary obstruction, but angiogenesis can also support tumor growth. Tumors secrete growth signals that elicit angiogenesis thereby providing the tumor access to oxygen and nutrients required for rapid growth, and then use the new vessels as channels to spread neoplastic cells. There is a fine balance between the angiogenesis growth factors and inhibitors, with imbalance contributing to disease states.
Tea catechins are perhaps the most widely studied phytonutrients with regard to anti-angiogenic properties, but tropical fruits are also under study. Oral administration of green tea to mice reduced microvessel density (Liao et al., 2004) . Pentameric procyanidins isolated from cocoa and incubated with aortic endothelial cells inhibit expression of a kinase that is associated with angiogenesis regulation (Kenny et al., 2004a, b) . Capsaicin (Min et al., 2004) and pomegranate (Toi et al., 2003) inhibit angiogenesis both in vitro and in vivo.
COMMON PHYTONUTRIENT CLASSES FOUND IN FRUITS
There is no official definition for the words phytonutrient or phytochemical. "Phyto" is derived from the Greek word for plant. As used here, these terms refer to compounds that have the potential to promote human health but are not among the traditional nutrients. Thus, many of the essential nutrients found in tropical plants, including ascorbic acid, folate and potassium, will not be discussed. Fiber, often classified as a phytonutrient, is not addressed. Although certain fruits are closely associated with certain phytonutrients, fruits typically contain a vast array of phytonutrients. Yellow passion fruit, for example, has been reported to contain at least 13 carotenoids and 18 phenolic compounds (Talcott et al., 2003) . The phytonutrients may act synergistically with each other, with other plant components or with other food components in the diet. For this paper, phytochemicals are classified under the broad headings of isoprenoids, phenolics, and protein/amino acid-based substances. Selected examples of phytonutrients from each class are discussed with an emphasis on those phytochemicals most relevant to tropical fruits.
Isoprenoid Derivatives (Terpenoids)
Members of this class of phytonutrients are principally assembled from isoprene building blocks and include carotenoids, limonoids, saponins, and plant sterols. Tocopherols and tocotrienols are also isoprenoids.
The tropical climate is favorable to biosynthesis of carotenoid compounds (Rodriguez-Amaya, 1999), which provide yellow, orange and red pigments. The common carotenoids are alpha-carotene, beta-carotene, and beta-cryptoxanthin, which have provitamin A activity, and lycopene, lutein, and zeaxanthin, which do not. Vitamin A deficiency is a serious problem in developing countries where foods rich in pro-vitamin A carotenoids are the major sources of vitamin A. Citrus is a dominant source of the provitamin A carotenoid beta-cryptoxanthin. In contrast to temperate climates, where a single fruit (tomato) typically dominates as the source of dietary lycopene, tropical climates are conducive to growth of a variety of lycopene-rich fruits including red varieties of guava (Psidium guajava), grapefruit and papaya (Carica papaya) ( Table 1) .
The carotenoids have potential health benefits beyond their vitamin A activity. Lutein and zeaxanthin appear to protect the eye from macular degeneration (Seddon et al., 1994) . Beta-Cryptoxanthin has been reported to be inversely associated with lung cancer risk (Mannisto et al., 2004) . Consumption of tomato products has been linked with protection against certain cancers, most notably prostate cancer (Giovannucci et al., 1995) . Lycopene is the phytochemical in tomato most often credited with this protection. Recently, however, a large prospective study (Peters et al., 2007) found no association of prediagnostic serum lycopene concentrations with prostate cancer, an observation supporting the view that dietary lycopene is not effective in protecting against prostate cancer. There is evidence from clinical studies that lycopene, or some bioactive compound associated with lycopene consumption, protects against intima-media thickening of the common carotid artery (Rissanen et al., 2003) and risk of myocardial infarction (Kohlmeier et al., 1997) . It should be noted that other phytonutrients, including other tomato components, provide synergistic effects in protecting LDL from oxidation; protection that is several fold greater than the effect of lycopene alone (Fuhrman et al., 2000) .
The citrus limonoids, furan-containing triterpenoids, are being investigated for potential protection against cancer. For example, limonin and nomilin, the two most prevalent limonoids from citrus, inhibit development of chemically induced cancer in mice (Lam et al., 2000) and inhibit proliferation of human breast cancer cells lines (Guthrie et al., 2000) . Nomilin, isoobacunoic acid, obacunone and ichangin were shown to increase activity of a phase 2 detoxification enzyme (glutathione S-transferases) in mice (Lam et al., 1989; Lam et al., 2000) . Limonoid aglycones are bitter and insoluble in water, but limonoid glucosides, far the dominant form in mature citrus, are tasteless and water soluble. Citrus contains high levels of limonoid glucosides; commercial orange (Citrus sinensis) juice contains similar amounts of vitamin C and limonoid glucosides (Miller et al., 2000) .
Phenolic Compounds
The commonality among compounds of this family is a phenol structure, an aromatic ring with a hydroxyl group. There are over 8000 phenolic compounds in the plant kingdom and they range from simple phenols to complex polymers. It has been estimated (Manach et al., 2004 ) that total polyphenol intake of 1 g/d is commonly achieved by people who eat several servings of fruits and vegetables a day. For this discussion, phenolic compounds are grouped as flavonoids and non-flavonoids. Examples of non-flavonoid phenolic compounds are oleuropein found in olive, resveratrol often found in wine, ellagic acid found in berries, persimmon and pomegranate, and chlorogenic acid, a hydroxycinnamic acid found in coffee, loquat (Eriobotrya japonica), artichoke (Cynara scolymus), kiwi (Actinidia chinensis), apple (Alus sylvestris) and berries. Coffee drinkers are estimated to take in 5 to 10 times as much chlorogenic acid as coffee abstainers (Clifford, 1999) . Major subclasses of flavonoids include anthocyanins, flavonols, flavones, flavanones, isoflavones, flavanols (catechins), and proanthocyanidins. 1. Anthocyanidins. Anthocyanidins (cyanidin, delphinidin, malvidin, pelargonidin, petunidin and peonidin) are plant pigments that produce red, blue and purple colors in many fruits. They exist in plants as anthocyanins (anthocyanidin glycosides). Anthocyanins are strong antioxidants, but they also have anti-inflammatory, antimutagenic properties and they slow platelet aggregation. In animal models, anthocyaninrich foods retard or reverse age-related declines in brain function and in cognitive and motor performance (Joseph et al., 1999; Galli et al., 2002) . In a recent study, patients with carotid artery stenosis who consumed modest amounts of pomegranate juice (a good source of anthocyanin) for a year experienced a 30% reduction in carotenoid intimal thickness (Aviram et al., 2004) . Baguaçu berries (Eugenia umbelliflora Berg), a tropical fruit that grows wild in Brazil, are a concentrated source of anthocyanins (Kuskoski et al., 2003) . 2. Flavonols and Flavones. Tropical fruits contain flavonols and to a lesser extent flavones (Table 2 ). These flavonoids are typically glycosylated forms of the aglycones quercetin, kaempferol and myricetin (flavonols) and apigenin and luteolin (flavones). In the U.S. (Sampson et al., 2002) and the Netherlands (Hertog et al., 1993) onion (Allium cepa), apple and tea account for the greatest intake of these compounds. A landmark study of subgroups of flavonoids (flavonols and flavones) by Hertog et al. (1993) generated great interest in the health benefits flavonoids. In that study, intake of flavonols plus flavones was inversely related to the risk for death from coronary heart disease (multivariate relative risk, 0.32 for highest vs lowest tertile of intake; 95% CI, 0.15-0.71). However, this apparent protective effect of flavonols and flavones has not been found in all populations studied (Rimm et al., 1996; Hertog et al., 1997) . 3. Flavanones. Dietary flavanones are provided almost exclusively from citrus fruits, and are present as glycosides. Major flavanone glycosides are naringin in grapefruit, hesperidin in orange and eriocitin in lemon (Citrus limon); corresponding aglycones are naringenin, hesperetin and eriodictyol. Naringin is the bitter flavonoid in grapefruit. Flavanones are abundant in citrus, and they are well absorbed by humans (Manach et al., 2003) . Although a glass of orange juice can provide considerable amounts of flavanones (25 to 60 mg as aglycones), flesh of a fresh orange (Citrus sinensis) can provide substantially more (up to 125-375 mg) (Tomas-Barberan and Clifford, 2000). Thus people who consume citrus take in concentrated sources of highly bioavailable flavonoids. Citrus represents about 70% of the flavonoid intake in the Brazilian diet (Arabbi et al., 2004) , and citrus flavonoids are dominantly flavanones.
Flavanones are bioactive in cell culture studies; for example, naringenin inhibits proliferation of human breast cancer cells (So et al., 1997) ; carcinogen-treated rats had fewer and smaller mammary tumors when fed orange juice or naringin (So et al., 1996) . An independent role of flavanones in protection of human health is still to be identified, but citrus has been identified as one of the foods protective against ischemic stroke (Joshipura et al., 1999) . 4. Flavonoid Monomers, Dimers, Oligomers, Polymers. Catechins (flavan-3-ols or flavanols) are widely distributed among plants, but tea is a particularly rich source. Untypical of flavonoids, the plant catechins are not glycosylated. Catechins are strong antioxidants, and they have been widely studied for their chemoprotective and cardioprotective properties (Yang, 1999) .
Proanthocyanidins, polymers of flavan-3-ols, are often called condensed tannins. Proanthocyanidins contribute astringent flavor to foods. Some proanthocyanidins are formed by plant synthesis, others occur during food processing. For example, fresh tea (leaves of Camellia sinensis) contain monomers of epicatechin, epigallocatechin and their gallate esters; during processing these monomers may be retained (as in green tea production) or they may become largely aggregated (as in black tea production) forming thearubigins and theaflavins.
Procyanidins, the most common subclass of proanthocyanidins, are formed by the ordered linking of monomers of catechin and epicatechin to form dimmers, oligomers, and polymers (Porter, 1994) . Procyanidins are natural components of many tropical fruits including cocoa, banana (Musa × paradisiacal), kiwi, mango (Mangifera indica), avocado (Persea americana) (Gu et al., 2003) (USDA Database for Proanthocyanidin Content of Selected Foods, 2004) . Procyanidins in cranberry (Vaccinium macrocarpon) prevent bacterial adherence to epithelial cells of the urinary tract and thus reduce the risk of urinary tract infection (Foo et al., 2000) . Procyanidins from cocoa are being studied for potential benefits in cardiovascular health (Steinberg et al., 2003) .
Protein/Amino Acid Based Compounds
This family of compounds, secondary metabolites of amino acids, includes such divergent compounds as capsaicinoids, the pungent component of red pepper, allyl sulfur compounds found in garlic (Allium sativum), and glucosinolates and indols found in broccoli.
The capsicum fruits such as hot peppers (Capsicum annuum L.) derive their pungent quality from capsaicin and dihydrocapsaicin. Sweet peppers (Capsicum annuum L.) contain capsiate and dihydrocapsiate, non pungent analogues of capsaicin, which share many of the biological activities of capsaicin (Rosa et al., 2002) . Capsaicinoids hold promise as anticancer compounds based, in part, on their ability to induce apoptosis (Macho et al., 2003) and modulate phase 1 enzymes (Zhou et al., 2004) , and these compounds may also have anti-inflammatory properties (Sancho et al., 2002) . Although most studies suggest a protective role for the capsaicinoids, the literature contains suggestions that consumption of peppers in large amounts may be linked with cancer (Surh and Lee, 1996; Lopez-Carrillo et al., 2003) .
BIOAVAILABILITY CONSIDERATIONS
Absorption of phytochemicals is influenced by a host of factors beyond the content of phytonutrients in the diet. Carotenoids are fat soluble compounds, and their absorption is promoted by intake of dietary fat. For example, eating salad with fat-free, reduced-fat or full-fat salad dressing resulted in negligible, some, and more absorption of carotenoids by human subjects (Brown et al., 2004) . Plasma carotenoid levels are lowered with use of sucrose polyester fat replacers (Weststrate and van het Hof, 1995) , plant sterols (Judd et al., 2002) and certain drugs that lower plasma cholesterol (Elinder et al., 1995) . Carotenoids are generally more bioavailable from cooked that from raw vegetables as shown for carrots (Daucus carota) (Livny et al., 2003) . However, the bioavailability of lycopene from watermelon (Citrullus lanatus) juice was equivalent to that of commercially canned tomato juice even though the former was not heat treated (Edwards et al., 2003) . More is not always better with regard to bioavailability. Plasma response to dietary beta-carotene and lutein increases in response to dose, but lycopene appears to saturate at moderate levels of intake. For example, in a study that assessed lycopene absorption from five graded doses of tomato beverage, 80% of subjects absorbed less than 6 mg of lycopene (Diwadkar-Navsariwala et al., 2003) .
The mechanisms of absorption of the various flavonoids are still under investigation. In contrast to carotenoids, they are water soluble in their typically glycosylated state, as consumed. Plasma flavonoid response following flavonoid ingestion varies, and the bioavailability of some flavonoids (e.g., flavanones) is better than that of others (e.g., anthocyanins). There is evidence from animal studies that flavonoids of the types found in tea and citrus can localize in the brain (Youdim and Joseph, 2003) . These phytonutrients are under investigation for potential to retard or reverse age-related cognitive and motor decline. Blueberries (Vaccinium spp.), a rich source of anthocyanin, protect aging rats against memory and learning declines (Joseph et al., 1999) .
PHYTONUTRIENT CONCENTRATIONS IN PLANT-BASED FOODS
Consumers have been encouraged to eat more fruits and vegetables to decrease risk of chronic diseases. Another strategy, one being advanced by plant scientists, is to increase the concentrations of phytonutrients in the food supply. To this end, unusual foods are being screened for phytonutrient content, and rich sources of phytonutrients in underutilized fruits are being identified. For example, autumn olive fruit (Elaeagnus umbellata Thumb.) (Fordham et al., 2001 ) and gac fruit (Momordica cochinchinensis Spreng) (Ishida et al., 2004) are concentrated sources of lycopene (Table 3 ). In the U.S., where pigmented potatoes are unusual, genetic stock exists for anthocyanin rich potato (Solanum tubero) (Brown et al., 2003) and lutein-rich potatoes are being developed (Lu et al., 2001) . Carrot strains exist that are rich in lycopene, lutein and anthocyanins (Surles et al., 2004) . Recently, cashew apple (Anacardium occidentale) has been analyzed for flavonoid components (Brito et al., 2007) and selected, underutilized tropical fruits have been analyzed for content of acylated and nonacylated anthocyanins (Birto et al., in press) .
Another approach to enhancing phytonutrient consumption is to select cultivars of plants that are rich sources of phytonutrients. In an evaluation of strawberry (Fragaria × ananassa Duch.) fruit, for example, ellagic acid content varied 10 fold across 36 cultivars, all grown in one location (Maas et al., 1991) . Carotenoids vary greatly among varieties of tropical fruits including papaya (Rodriguez-Amaya, 2003) . In tropical climates banana cultivars exist that are rich in carotenoids (Englberger et al., 2003b) (Englberger et al., 2003a) and in anthocyanins (Pazmino-Duran et al., 2001 ).
Environmental influences are under investigation and could be used to manipulate phytonutrient content of plants. UVB radiation, for example, increases flavonol (quercetin and kaempferol) content of kale (Brassica oleracea, Acephala Group) (Zhang et al., 2003) and anthocyanin content of red leaf lettuce (Lactuca sativa L.) (Krizek et al., 1998) . This suggests that decreased flavonoid content of some foods may be an unintended consequence of growing foods in greenhouses.
SUMMARY
To date, dietary recommendations for individual carotenoids, flavonoids, and amino acid-based phytonutrients are premature, but consumers are eager for information about these phytonutrients and their food sources. Emerging data strongly support the concepts that consumption of fruits and vegetables has a large role in preventing cancer (Steinmetz and Potter, 1996) and cardiovascular disease (Ness and Powles, 1997) . To maintain credibility with consumers, it is important to develop a solid, science-based body of knowledge concerning phytonutrients and human health. This information will allow consumers to tailor their diets and thereby extend their productive, active lifespans. 
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